Evolution of a shock-accelerated thin fluid layer
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Multi-exposure flow visualization experiments with laser-sheet illumination provide growth-rate
measurement of Richtmyer—Meshkov instability of a thin, perturbed heavy-gas layer embedded in
a lower-density gas and accelerated by a planar shock wave. The measurements clearly show the
three-stage transition to turbulence of this gas-curtain instability and the single-event coexistence of
the three primary flow morphologies discovered previously. The shock-induced circulation for each
event is estimated using a simple model based on Richtmyer—Meshkov instability and an infinite
linear array of vortex points. These estimates are consistent with simplified flow simulations using

a finite-core vortex-blob modelS1070-663097)01206-3

I. INTRODUCTION higher-density gas, so the interfacial ripples grow immedi-
ately after shock compression. At the downstream interface,

Experimental measurements of the growth rate of a thin : . )
. the shock front moves from higher-density gas into lower-
heavy fluid layer accelerated by a shock wave lead to bettedrensit as, so the interfacial perturbations must first reverse
understanding of Richtmyer—Meshko/RM) instability y 9as, P

(Richtmyer! Meshko), the impulsively driven analog of phase and then grow. The visual result for the entire layer is
the well-kr;own Rayléigh—Taonr instability. The multi- that the initially varicose perturbation of the gas curtain be-
exposure flow visualization presented in this study shows th omes sinuous and I_ate_r mushroom-shaped or plu_me-shape_zd.
same basic flow patterns that were previously obsetJad owever, asymmetries in the perturbed gas curtain dramati-
cobset al,3* Budzinskiet al?), but now we also observe the cally hasten the onset of mushroom shapes. Thus, three basic

coexistence of flow patterns not recorded in previous experi‘iIOW patterns are observed: upstream-facing mushrooms,

ments. Analysis of these images using simple, analytic mogdownstream-facing mushrooms and sinuous pattern. Each
els shows remarkable similarity of the observations with€XPeriment produces one or a combination of two or three of

flows induced by a row of vortices alternating in sign. These"€Se patterns. _ 5
Previous experimental studiétacobst al3* of the gas

models and new data sets enable estimation of the vorticity i - e
produced by the interaction of a shock wave with C|ose|ycurta|n evolution revealed these three distinct flow patterns.

spaced rippled interfaces from visual information ofilg., Subsequent experimer‘(tBudzinsk? et al.5)' ghowed {:orrelg—
without direct measurement of velocity fiejds tion of the evolving flow pattern with the initial configuration
The recent experiments improve the understanding off the gas curtain. For example, when perturbations on the
the instability phenomena limiting the efficacy of inertial UPStream side of the curtain have amplitudes much larger
confinement fusion targetdicCall®), and involving subjects than those on the downstream side, the resulting flow usually
in astrophysicgBurrowset al” and Stoneet al®). Studies of ~ Produces upstream-facing mushrooms. These earlier studies
Rayleigh—Taylor instability in the presence of magneticcaptured only one or two frames per event because they re-
fields and variable deceleration are important for the underduired high-energy lasef®.2—1 J per pulseand therefore
standing of the evolution of supernovélin and Jonés In  detailed instability growth rates could not be measured.
addition to providing new insights about fluid instability, the However, a computational study of these data by Baltrusaitis
present results are useful as benchmarks for code develogt al.™ did show the progression of the instability growth. By
ment involving fluid simulations. capturing a series of images for each event, our observations
The thin fluid layer of heavy gas is embedded betweershow the nonlinear growth of the instability, which eventu-
fluids of lower density by the laminar flow of the heavy gasally leads to interfacial mixing and turbulence. Our focus in
vertically downward through the lighter gas. This initial this study is the nonlinear instability growth, but our results
heavy-gas flow constitutes the thin fluid layer, and is denote@lso provide qualitative information on the issue of “ordered
a “gas curtain.” The gas curtain has imposed perturbationsersus disordered turbulence,” that is considered in recent
on both upstream and downstream interfaces. A planar shodkeoreticat''2and experimentat!* studies of the transition
wave enters the test region in the lower-density fl(ad), to turbulence.
passes through the gas curtain composed @f g5 traced Most of the experiments show three temporal intervals in
with fog, then exits the test region in the lower-density fluidthe flow, as one can see in the figures of Section Ill. We
(air) on the downstream side. Under the impulsive accelerashow that the first interval is dominated by shock-induced
tion of the shock wave, both upstream and downstream invorticity that controls the flow of the gas curtain beginning to
terfaces are Richtmyer—Meshkov unstable and consequentpenetrate the surrounding air masses. The flow is largely
distort as the layer moves downstream. At the upstream indeterministic and appears to be governed by a linear array of
terface the shock front moves from lower-density gas intoyortices of alternating sign. The dominant wavelength is that
of the initial perturbation. Differences between the flow mor-
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curtain grows substantially. The spatial spectrum at wave- 128 m 320m 023m 0.69m
lengths shorter than the 6 mm fundamental wavelength of the
initial layer also exhibits growth. Most of the growth is de-
terministic, well-described by vortex-induced flow models,
but spatial features in some of the data sets appear to be ’\D”"e" section
stochastic. The difference between the flow morphologies )
- .. . Diaphragm
becomes apparent within this interval. Thus the second time
interval corresponds to “ordered turbulencE "meaning
that the spectrum of the flow is evolving toward a fully de-
veloped turbulent spectrum, but the appearance of the flow
remains deterministic. Another perceptit@ranfill'?) is that FIG. 1. Schematic of the experimental facility.
the spanwise velocity components of the flow near the
“mushroom caps” indicate the onset of disorder. Visually,
each mushroom or sinusoid structure seems to grow indepen- The images obtained by laser-sheet illumination of the
dently from each other. thin layer provide a relative measure of the density distribu-
Finally, the third interval is characterized by more com-tion within a two-dimensional slice of the flow. The tracer
plex flow patterns. Spatial structures interact with each othemprovides adequate definition to measure the mixing width
producing spectra at wavelengths longer than the fundamemthough it precludes the quantitative measure of layer den-
tal. Simultaneously, shorter-wavelength features grow marksity that is possible with Rayleigh scattering directly from
edly, and these features are predominantly stochastic. InteBF; molecules.
action of large-scale vortex structures can produce shear, Computational studies of gas-curtain instability by Bal-
leading to Kelvin—Helmholtz instability. This instability and trusaitiset al}® and Mikaeliart® show how each of the three
other phenomena result in formation of smaller-scale vortifamilies of flow patterns is produced, and the dependence of
ces. The third interval corresponds to “disordered turbu-these patterns on initial conditions. The work of Baltrusaitis
lence,” and to the conventional perception of turbulence as &t al*° did use experimentally measured initial conditions to
disordered state. benchmark their fluid dynamical algorithm, but did not con-
The progression of a flow through these three temporasider the exact initial conditions producing the combination
intervals has also been observed in unstable flows other thaf patterns found here. Earlier work by Grd@ehowed good
Richtmyer—Meshkov instability of a gas curtain. These inter-agreement between computation and experimental results for
vals are apparent in the images of Snider and Andréws, a single, RM unstable interface between gases of different
corresponding to Rayleigh—Taylor instability. The Kelvin— densities, and demonstrated the need to measure growth rates
Helmholtz instability of free shear layers displays similarto discriminate among theories.
behavior in the creation of streamwise vortices superimposed The next section provides details of the experimental
upon the large spanwise coherent structures and the eventggitup, particularly the fog generator. Section Ill shows ob-
increase of energy in small-scale random motions. In combiserved images and Section IV presents analysis of these im-
nation with the pairing mechanism of the streamwise strucages using a simple vortex model that incorporates the ana-
tures, this results in the energy spectrum increasing for bothytic description of Richtmyer—Meshkov instability for
larger and smaller wave numbers than that of the initialProducing vorticity. Section IV also describes results ob-
roll-up.t tained from simulations using a simple vortex-blob model of
The streamwise position of the shock-induced vortices® flow driven by a linear array of vortices. We compare the
relative to the gas curtain influences the subsequent floWnodel and experimental data with several combinations of
evolution. Consider an inviscid, incompressible, constantfitting parameters, and find consistent estimates for the
density flow induced by a linear array of vortices of alternat-shock-induced circulation.
ing sign. Although this model does not account for such
important features of the real flow as density gradients, by EXPERIMENTAL DETAILS
using massless marker particles for visualization and varyin% _ .
the initial position of the markers with respect to the array, ™ Experimental facility
we produce simulated patterns similar to those in the experi- A thin curtain of Sk embedded in air is shock-
mental images. accelerated within a 5.5 m horizontal shock tube with inter-
Our multi-exposure diagnostic method is a considerablenal dimensions of 75 mm squat€ig. 1). The facility and
improvement over earlier experiments with laser-inducecprocedures are similar to those described by Jaebbs* A
fluorescence and Rayleigh scattering directly from thg. SF Mach 1.2 shock is generated by breaking a diaphragm com-
Tracer fog added to the ghn the gas curtain enhances the posed of two or three thin sheets of polypropylene separating
light scattering from the layer, which reduces the laser ena driver section pressurized to a gauge pressure of approxi-
ergy requirements enormously. We routinely acquire 8—10nately 140 kPa from the driven section initially at ambient
dynamic imagegin addition to the image of the initial con- pressure. The progress of the shock wave through the test
dition), and most images have better spatial resolution thasection causes an impulsive acceleration of the curtain. The
the earlier data. Evidence for the fog being a suitable flowoptical diagnostic system must be triggered by the shock
tracer is presented in the next section. wave because the solenoid-actuated cutter produces a large

Driver section Test ecllon End section
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(513 (T [p— - scatterers is entrained in the gSffas entering the nozzle. The
mixture entering the test section is a cool, nearly incondens-

Test able, white fog composed of very small droplets where the

Gas curtain section presence of glycol greatly increases the droplet lifetimes.

B. Diagnostics

The principal diagnostic is Rayleigh scattering from fog
in the curtain illuminated by a horizontal laser sheet. The
camera collects the light scattered from the curtain at ap-
proximately a 90° angléFig. ). The slight camera tilt is
necessitated by the curtain exhaust port obscuring the view
of the curtain prior to shock impact. In this way, the curtain’s

FIG. 2. Schematic of the test section. initial conditions can be imaged with only slight loss of
downstream field-of-view. The enhanced Rayleigh scattering
from the fog particles, compared to the scattering by the

time jitter between the system trigger and the shock impacSF; alone(see Budzinsket al?), allows multiple images to

on the gas curtain. Three piezoelectric flush-mounted prede obtained for each event. Due to the layer’s relative thin-
sure transducers are located on the wall of the driven sectiomess and its mean motion downstream at the piston velocity
The first two transducers characterize the shock velocity andf the shock, it is possible to lay multiple exposures on a
pressure jump, and this information is later used to determinsingle CCD camera array during the course of a single event.
the “quality” of the shock(i.e. consistent speed for given This eliminates the necessity of an expensive multi-framing
pressure jump and the presence of a single shock)frbhe  high-speed camera. Two techniques can be applied to obtain
third transducer, which is closest to the test section, triggerme resolution of the resulting exposures.

the laser and camera. In the first method, an intensified, gated CCD camera

A curtain of Sk gas embedded in the afjat ambient (Hadland Photonics SVRs used in conjunction wita 1 W
pressurg occupying the shock tube is generated within theAr™ CW laser(Lexel Model 94. Each of the nine exposures
test sectionFig. 2). The curtain has a cross-section of vari- on the CCD is 2us in duration, and produces excellent im-
cose shape, imposed by the nozzle through whichf®Ws  age quality at 2uJ of optical energy. The camera uses two
into the section. This nozzle at the top spans the entire 7back-to-back Gen-1 intensifiers and provides the full CCD
mm width of the section. The nozzle is fabricated with 4.76resolution of 1134437 with 8 bits per pixel, corresponding
mm diameter holes spaced 5.95 mm apart center-to-centdn the physical image area size of 12¥45.8 mm. In a
The holes are connected by a 2.38 mm wide slot. Atypical image, about 120 levels of brightness are actually
10X 75 mm exhaust slot at the bottom of the section is atpresent, with pixel values varying in the range between 30
tached to a suction system. Both the curtain materiak (SFand 150. This is considerably greater than the dynamic range
with fog) and the air entrained by the curtain are evacuateaf data from earlier studiesThe direction of the shock wave
through this slot after the curtain material has passed ovegropagation and the subsequent motion of the accelerated
the vertical extent of the test section. The constant pressumirtain in the photographs is from left to right, with the first
in the tube is maintained by two portene far upstream of image (exposurg of the Sk layer on the left showing its
the test section and one far downstreatowing replenish- initial condition before interaction with the shock wave. All
ment air to enter the tube. This make-up air minimizes thahe consecutive images depict the time evolution of the layer
shear instability along the Rir interfaces. The flow rates after the interaction. This arrangement allows for arbitrary
of make-up air were not measured quantitatively, but visualnter-exposure timings with a prescribed smallest-allowable
observation indicates that they remain low and the curtairiming derived from the thickness of the unstable layer and
stays laminar everywhere. The velocity of the curtain gaghe mean downstream velocity. This requirement imposes
[2(10 cm/s) is very small compared to both the shock ve- greater and greater minimum inter-exposure timings to avoid
locity [@(100 m/s) and the instability growth rates overlapping images as the mixing width grows. For the im-
[2(10 m/s) and therefore should have no significant influ- ages analyzed in this paper, the timing for the initial condi-
ence on the instability behavior. tions is roughly 50us prior to shock impactalthough the

The curtain is composed of §Hmixed with a small time jitter for that event is estimated to be approximately
quantity of microscopic water/glycol dropletdog), pro- *10 us). The first dynamic image is approximately 60—70
duced by a modified theatrical fog generatomside the fog  us after shock acceleration, depending on the jitter, while the
generator, pressurized gmoves through a heating chamber remaining exposures occur at intervals of 60, 80, 80, 120,
after entraining small quantities of fog fluid. The fluid flashes120, 120, 12Qus, respectively.
to steam which forms into droplets upon entering a radiator  The combination of the enhanced scattering from the fog
heat exchanger. No measurement of the mean droplet sizi¥oplets and the intensified camera generates higher signal-
was performed for this study, however, characterizations ofo-noise ratios with only about I8 of the effective light
the output of theatrical fog generatttfave found sizes on pulse energy of the study by Budzinskial® Also, the abil-
the order of 0.5um. The resultant fog of small, efficient ity to utilize arbitrary inter-exposure timings provides a
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much larger amount of data for each event than using a fixed 10t -
inter-exposure timing, as stated by Rightley and Benjahin. i
An unintensified and thermoelectrically cooled camera 10"
(Photometricsis used in the second technique, deriving tem- g
poral resolution from a pulsed laséPositive Light Merlin
Nd:YLF). This method ensures the entire dynamic range of
the camera is used—10 bits per pixel with a XB12 reso-
lution. In this arrangement the primary limitation is control
of the intervals between exposures because of the fixed pulse
repetition rate of the laser. The laser produces 15 W equiva- g
lent continuous power while pulsing at 5 kHz, which gives 10 L
excellent image quality at 3 mJ of optical energy. From these :
images it is seen that the addition of the fog enables higher '
signal-to-noise ratios with at least two orders of magnitude I L

less light without an intensifier than when using the scatter- 10°? " 10; dob or 5% E10' . 10?
: . tcle Diamet
ing from SE; alone. aximum Particle Diameter (um) for 99% Energy Response

Fluctuation Frequency (Hz)
3
m

10°

Lol
10°

FIG. 3. Maximum particle size for given amplitude fidelity.
C. Flow-tracking fidelity

The addition of a particulate cloud to the gas curtain to ] . o ]
increase its light scattering efficiency necessitates an invediston velocity. The complexity of this situation necessitates

tigation as to whether the individual particles follow fluid considering the response of the fog particles to more com-
elements in this shock-accelerated system. The requiremerfé€X flowfields than just impulsive acceleration. To analyze
of enhancing the system’s light scattering characteristics ant'® frequency response of a particle exposed to a given fre-
ensuring that the particles accurately follow all scales of théluéncy of oscillation in the carrier phase, consider writing
flow are in conflict. Light scattering efficiency increases with Ug @1dUp in (1) in terms of the Fourier integrals
the droplet diameted, (especially as that moves into the o
Mie scattering regime, i.ed,/A=1, where\ is the wave- vp(w)=J Up expl—iwt)dw
length of lighd, however, the inertia of the droplet increases ’°°
with the cube of the diameter, making it less and less able tgng
follow high-frequency fluctuations of the gas in which it is
embedded.

The equation of motion for a heavy, spherical particle
embedded in a lighter carrier phase can be written as

Vg(w)=f_oc Ug exp(—iwt)do. 2

g The ratio between the energy spectrum of fluctuations of the
T u i 2y |2 i i
P g e _ — Bty pug(Uy—Uy) ) partlculgte and the ga‘@/p| I|vg|?, at various carrier phase

6 P dt fluctuation frequenciesw, can be written(Hjelmfelt and

(i.e. inertia balances Stokes djaghere the subscripg de- Mockros®) as
notes the gas carrier phase apdthe dispersedparticle |vp|2 (18S¥/s)?
phasep denotes densityy velocity andu the absolute vis- Vo2 = (185@s) 2+ 1 ©)
cosity. Terms including buoyancy, the influence of the dy- g
namic pressure field and added mass are insignificant herehereSt=(v/wd?)/? is the Stokes numbewE u/p is the
(i.e. in the case of heavy particles embedded in a lightecarrier phase dynamic viscosity aadis the fluctuation fre-
carriep. quency ands=p,/pq is the density ratio. An expression for
A simplified description of the acceleration of the fog the ratio of the fluctuation amplitudes can also be found.
particles is that of the passage of a single shock and a result- A maximum acceptable particle size for any given fluc-
ant acceleration to the shock piston velocity. Integration otuation frequency in the carrier phase can be determined by
Eqg. (1) for a particle at rest exposed to the shock pistonrequiring that the ratio of the energy spectrum of fluctuations
velocity for this study(=100 m/g indicates that a relaxation of the particulate be within 1% of those of the gas. Figure 3
time to achieve 99% of the piston velocity is approximatelyshows curves of this maximum diameter for pure water drop-
3 us for a 0.5um particle. This suggests that the fog par- lets in both air and Sf By far, the largest acceleration to be
ticles will lag the Sk fluid particles by approximately 0.3 followed by the fog droplets is that following the planar
mm. The effective blur due to non-ideal particle tracking isshock wave. A conservative estimate of the entire interaction
on the order of three pixel sizes, thus limiting the spatialtime of the shock with the gas curtaipompressing and ac-
resolution of this study. celerating i} is approximately 1Qus. This corresponds to a
However, the shock interaction with the gas curtain isfluctuation frequency of approximately
more complex than a single shock passhge.series of 1/10x10°°% s=10° Hz. The accelerations associated with
shock reflections and refractions from the two density interthe instability flow superimposed on the mean downstream
faces occurs prior to the gas curtain achieving the shocknotion are much smaller. A 0,6m particle can successfully
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follow such an acceleration as can be seen in Fig. 3. Char- 15

acterizations of the output of theatrical fog generdftinave : Scattering
found typical sizes on the order of Q. [ O SF,

The Weber numbetVe= d,p,U?/ o whereU is a char- [+ FogDroplets :::%jo
acteristic relative velocity and is the surface tension, rep- ~100] Q- ’.’%
resents the ratio of inertial forces to surface tension confine- & Al . Q%
ment. For droplets near 0.am, We is small at all times % - “%
except for possibly a brief period during shock acceleration. ‘g Fo ade
Therefore the analysis above considering the droplets as £ C@ég A8
spherical is justified. 50 - Qiﬁ&. .

In the current shock tube arrangement, all particles able I . .:.’ Y >0
to follow the initial shock impulse with sufficient fidelity will | @@"“ ..%
easily track with the subsequent instability flow. In the time I ~ @
interval characteristic of this flow, the influence of diffusion B I T T ! |

40 60 80 100 120 140

is negligible. Those droplets that cannot follow the initial Streamwise Distance (pixels)

impulse will quickly become dissociated from the gas curtain
and will see little influence of the instability flow. Images FIG. 4. Pixel intensity profiles at three cross-sections through the gas curtain
produced with the fog tracer closely resemble those relyingor S, and fog scattering.
solely on preferential Rayleigh scattering fromgSBudzin-
ski et al®). The images possess clear, small-scale details and
thereby give a strong indication of great fidelity of flow should be narroweli.e. more of a top-hat profiehan is the
tracking by the fog. Although the fog droplets cannot follow case in Fig. 4. Consequently we believe that the fog is an
the molecular diffusion of the SFnto the air, this limitation  excellent tracer of this flow at both early and late times.
can only influence the late-time results through processesiowever, the possible influence of the fog droplets on the
prior to shock interaction. The flow processes during andsmallest scales of the late-time flow has not been discussed.
after the shock passage take place on time scales mudhhis does not impact this study directly since we limit our
smaller than diffusion times. quantitative analysis to the large scales.

An important question associated with the image data
produced by this study relates to the correspondence of the
intensity data taken to the actual density field in the flow.lll. OBSERVATIONS
There are two primary requirements for an accurate depiction  gas-curtain morphology
of the density field. These are that the fog droplets accurately _ _ 4 )
track the motion of the SFlayer and that the initial condi- As in the experiments of Jacobsal, * three main flow

tions of intensity and density are similar. The analysis abov@altérns were observed: the upstream mushrofigs 5),
would indicate good flow tracing by the fog droplets. the downstream mushroontBig. 6) and the sinuous mode

The study by Budzinskét al® used the preferential Ray- (Fig. 7). All three patterns are characterized by formation of
leigh scattering from SFto produce images. These imagesmushroom-shaped features in the perturbed layer, but the
can be used to determine accurate density fields from thgrientation of these features and the relative time at which

mass fraction of SFand air. Comparison of these data with they develop varies. The apparent non-uniform spanwise il-
the light-scattering intensity profiles from fog droplets will lumination present in these figures comes from the fact that
help determine the influence of molecular diffusion pro_the laser sheet does not illuminate the entire cross-section of

cesses on the initial conditions. Because the droplets cannot
follow such diffusion and the post-shock time scales are such
that little diffusion can occur, all significant differences
should result from different initial conditions. Figure 4 pre-
sents intensity profiles from slices through the initial condi-
tion exposure in two runs of the same experiment differing
only by diagnostic arrangementse. Rayleigh scattering
from fog droplets and from SJ. In each case, three traces
are presented from cuts through the thicker regions of the
curtain for similar downstream mushroom images. The
curves resulting directly from the enhanced scattefnetn-

tive to that of aij of the Sk depict the trends of the actual

density field. Comparison with the intensity profiles of light Interval 1 Interval 2 ‘ Interval 3 ‘
scattering from fog indicate that, at least initially, the inten- | i | |
sity profiles using the fog remain close to the actual density

field. If the profile of the initial conditions for the case with- T'C: 5 Upstream mushrooms, Upstream features are narrower than down-
stream. Three distinct intervals in the evolution of the flow are labeled. As

out ng was determined SO'?'Y'by mOI?CUIar .difoSiahat indicated,w(t) is the peak-to-valley width of an individual wavelength of
the fog cannot folloy, the initial profiles using the fog the curtain.

63ps 123ps  203pus  283ps 403 s 523 ps 643 s 763 s

1774 Phys. Fluids, Vol. 9, No. 6, June 1997 Rightley, Vorobieff, and Benjamin

Downloaded-26-Aug-2005-t0-128.165.51.58.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://pof.aip.org/pof/copyright.jsp



e Nyl Tl s '\_or‘:
, Eg &
9 @

St

58pus  118ps 198ps  278ps 398 ps 518 ps 638 us 758 ps.

56 ps 116 us 196us 276 ps. 396 ps 516 ps 636 ps. 756 ps.

FIG. 8. Coexistence of the three primary flow morphologies.
FIG. 6. Downstream mushrooms. Downstream features are narrower than

upstream.
The high space-time resolution experimental data of the
i . S ) current study confirm that morphology of the interfdop-
the flowfield. The illumination is unl_form over t_he ce_ntral stream mushrooms, downstream mushrooms or sinusus
wavelengths with some spanwise tails of lower intensity. geermined by the character of the initial perturbations be-
The upstream mushrooms form quickly after the ShOCk“fore shock impact, as originally stated by Budzinekal? If

:jqducgd accele_rauonhof trf1eh§FFayer and :je_velopf 'r? tlhe the amplitude of perturbations on the side of the interface
irection opposite to that of the mean translation of the layery o nieq toward the shock wave is sufficiently greater than

In_Fig. 5, one can already see WeII—fqrmed.mushrooms in th‘?hat on the downstream sid&ig. 5), upstream mushrooms
third .dynamlc image of the gas curtain, Wh',Ch corresponds Qorm. If both sides of the interface have similar amplitude
the time ~200 us hafter the S_hOCk W‘T’“’ehh't the Ia}yer. Ihﬁ erturbations and the interface is varicose, a sinuous mode
downstream mushrooms, oriented in the direction of theye\elons(Fig. 7). Finally, if the initial perturbations of the
mean layer motlon, characteristically take a longer time tQnterface are less prominent on the upstream &idieroring
emerge. Inf'ller?.dey mushroom shﬁpe_s _f_orlm clearly fonhly athe initial conditions for upstream mushroomthen down-
t~400 us (fifth dynamic image The initial stages of the gy 0o mushrooms forFig. €. The initial condition of the

evolution of the sinuous mode show the growth of the pery < ¢\ rain may contain neighboring wavelengths with dif-

turrE)atlons cr:]f the mtfgrfaltlzefwnhouft] formation of IT‘L‘Shrooms'fering types of predominant perturbations. In this case, a
When mushrooms finally form, their orientation appears 10,5 hjey flowfield forms(Fig. 8. Upstream mushrooms,

a]terr]nate ffrolrln upstream to. dqwnstreqm, as one can seein tIa‘(a)wnstream mushrooms and the sinuous mode coexist in the
sixt ar:q oflowing ciynaml'c Im'agfg, n F'gf' %500 ILLIS)“. flow. There is little cross-talk visible between the different
I_Ear ler stugﬂes of Budzinslet al. and of Jacobst al. morphologies in adjacent wavelengths. This differs from ear-
obtained consistent resylts regarding the fr_equer_wcy of ocCUfr studied where only a single morphology was present for
rence of the three late-time flow morphologies with the MOSkach event. It is also noteworthy that the tail visible on the

. . .15
lfrqueﬂt l:iemg_upstrleam mushroomshBu?]znaﬁlal. cr:]orre- _rgrominent downstream mushroom in Fig. 8 was first ob-
ated the late-time flow structure to the shape of the curtai erved in numerical simulatiof&15

immediately befF’re shock impact. These §tudies produced  there are three temporal intervals present in the evolu-
similar frequencies of resulting morphologies by carefullyjo, of the flow (Fig. 5). The first interval corresponds to the

matching the ﬂ_OW rates. into and_ out of th? test section a_nqime immediately after the shock wave interaction and is
thereby matching the time-varying behavior of the curtain.paracterized by the roll-up of vorticity deposited by the

between the studies. The current study did not measure g, and the growth of the initial perturbation of the layer
flow rates associated with the creation of the gas curtain duﬁlto a sinuous pattern. The spatial scale prominent in the
to the complications associated with the addition of fog. Thisyq,, s that of the initial perturbation. The second interval is
has resulted in different time-varying characteristics of thealso vortex dominated and largely deterministic, but struc-

laminar curtain and an increased occurrence of Iate'tim‘?ures of smaller spatial scales emetgey. mushroom caps
downstream mushrooms. Finally, during the third interval we observe interaction
g
(’ 5
£ R
506 ps.

scales both smaller and larger than the fundamental. Figure 5
shows the presence of small spatial scales together with the
long wavelength perturbation of the gas curtain.

B. Quantification of experimental data

The temporal evolution of the mixing layer formed by
the perturbed gas curtain and the surrounding air masses can
be characterized by layer thicknessThe initial layer thick-

among neighboring features and growth of structures with
“ . —

d6us 106us  tous 2664 39648 626 s 74848 ness,wy, is typically 2 mm after compression. The coexist-
ence of multiple adjacent flow morphologies on one image
FIG. 7. Sinuous mode. Features are symmetric. indicates relatively weak interaction between vortex struc-
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tures from one spanwise wavelength to the next. Therefore, 12

data from each wavelength can be analyzed separately. For E
every image, we measured valuegt) for each spanwise 101 :
wavelength appearing in the image, witlit) defined as the H M v
distance between the locations of maximum intensity gradi- * I v ¥ °v
ents on the upstream and downstream extremes of the layer § || A e ¥ M g °
for a given wavelength. ¥ g .%’ ; 8 S 8 °,
Plotting the position of the mean displacement of the gas 1 g lg § g °g g B
curtain in the dynamic images versus time produces a linear LM B s =
plot, thus making it possible to determine the effective initial 21 83 B : 2224 ° 2175 I
moment (=0) by the zero-displacement intercept of the 8 . we220mm o Wt 51mm
line. The slope of the line corresponds to the shock piston '0 ™ am  ww w0 me o 0w
velocity. tus

A program was written to simplify determining from

the experimental digital photographs. It allowed the user td G- 9. Mixing layer widths for upstream mushrooms. The filled symbol;
. . . . ,correspond to data sets with non-saturating growth, the hollow symbols with

separate the photograph into strips corresponding to |nd|S-aturating growth.
vidual wavelengths and measunedor each exposure inside
the strip. The program determined the limits of the back-
ground pixel values by histogram analysis and searched fgs/, ANALYSIS
vgrtlca}l boundaries of areas coptalnmg non-isolated plxeli Vorticity production under different initial
with pixel values above the maximum background value. Inconditions
the cases of weak or overlapping images of the gas curtain,
the boundaries of the area containing the perturbed curtain Analysis similar to that undertaken by Jacoesal.*
were determined manually. For additional validation, curtainhelps to establish the relationship between the initial pertur-
widths in one image were measured both with the progranPations of the Sglayer, vorticity production and the result-
and manually. The comparison of the results revealed n§d interface morphology. If one considers the two-
systematic differences, with the automatic and manual medlimensional - vorticity equation(vortex diffusion term
surements differing by no more than 2 pixé®&2 mm in  dropped,
physical space D/w

There are two possible scenarios of the evolutionvof ﬁ(;
In the first scenario, the growth of slows down after
t~400 us andw(t) shows a tendency toward saturation atitis ap.pgrent that the out-of-plane yorticityis generated by
late times. This kind of evolution could be observed for all Paroclinic torque at a rate propor_t|onal to the (_:ross-produ_ct
three flow patterns and was the dominant type of evolutiorP! the pressure and density gradients on the right-hand side
suggested by other researchélacobset al?). The second of the equation. The dominant pressure gradient in the ex-

scenario, typical only for some upstream mushroom cases, RETiment is that of the shock wave, and the dominant density
characterized byw(t) continuing its growth even at late gradient results from the difference between the densities of

times, without signs of saturation. This type of evolution was'l and Sk at the mtqfapes of the gas curtain.
not described in earlier works, though it may have bee Thus most vorticity is produced in the areas where the

rboundary of the mixing layer is at the maximum angle with

present in the experiments. The current work incorporate o : .
the first data sets with adequate temporal resolution to dif[eSpeCt to the incident shock wave. Figure 11 illustrates the

ferentiate between the evolution patterns.
Figure 9 shows the measured valuesvdft) for up-

1
)=?Vp><Vp, (4)

stream mushrooms from six imagésom which 24 indi-
vidual wavelengths are analyzed~or each image consid- 10
ered,w, is the mean thickness of the compressed gas curtain
in the first dynamic image, immediately after shock interac- 8 - o g. §g
tion. The value ofw, is computed as the averagewf for e .- i % k
each of the four individual wavelengths analyzed in the im- g ° ] §g v M v v
age. Generally, higher values wf, lead to highew at late N "y iﬁ v
times. The non-saturating growth is characterizedmgy 2 , B H
mm. 24 .Qg i ¢ Downstream ©  Sinuous

The behavior ofw(t) for the downstream mushrooms ¥ T Dustroom T e
and the sinuous mode is similar to that of the saturating 0 - - - : : , :

0 100 200 300 400 500 600 700 800

upstream mushrooms. Measurementavgf) for four indi-
vidual wavelengths from each of three downstream mush-

room images and three sinuous mode images are presenteddig 1. Mixing layer widths for downstream mushrooms and sinuous
Fig. 10. mode. The growth is saturated.

t, us
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Upstream mushrooms
Upstream Sinuous Downstream v 1 [\
mushrooms mode mushrooms i ) X \

(advanced (no advance (delayed \ “\ \G b Q
intime) ordelay) intime) e/ /8 e .
. e/ e @
S SRV EINC

- P o 7R
FIG. 11. Vorticity generation under different initial conditions. The subse- Downstream musmoomi, r - -

quent morphology depends on the relative position of the gas curtain and the 1 —
vortices. ,,5\ Q

simplified concept of vorticity generation. In the case of a
symmetric varicose layer considered by Jacebal.,* vor-
ticity of the same sign produced on either side of the gas
curtain merges to form a row of diffuse vortices with alter-
nating sign and spacing equal to half the wavelength of the  gjnuous mode

I IS I TIT
V)

initial perturbation. In the case when the initial conditions = [~ |~ =
are not symmetric and only one side of the curtain is per- ' LR @
turbed, essentially all of the vorticity is deposited on the 3 e/ @/
perturbed side of the layer. In the case when the upstream i P @
side of the curtain is perturbed, the shock propagates from ) 3 v )
lower-density gas to higher-density gas and the initial pertur- { / e/ @/
bation starts to grow in amplitude instantly. The perturbation 5 3 LN @
of the downstream sidéwhere the shock propagates from » J ~ -~

heavy gas into light gasalone first has to undergo a phase
inversion. This perspective explains the more rapid growth  FIG. 12. Vortex-blob simulation of possible flow morphologies.
of the upstream mushrooms observed in experiment. It also

clarifies why the vortex-like structures appear at relatively. ) L
late times in the sinuous mode inserted into the velocity field generated by the row of the

vortices. The particles are evenly distributed across one
wavelengthA =6.28 mm between the boundarigg (up-
stream andyy (downstrean defined agin mm)

_To whgt extent does the vortex structure deposited by y,=0.6 sir(x) andy =12 @
the interaction of the gas curtain with the shock wave govern _ _
the evolution of the gas curtain? A simple numerical modeffor the upstream mushroom simulation,
has t_)een constr.ucted t_o simulate the evolution. of the gas y,=—1.2 andys=—0.6 sir(x) ®)
curtain after the interaction with the shock wave is over and ) )
the row of the vortices is formed. It is based on the vortex-for the downstream mushroom simulation and
blob method described in detail by Nakamwetal** The y,=—0.3si(x—0.6) andyy=0.3six+0.6) (9)
vorticity field formed in the process of interaction of the . i )
shock wave with the gas curtain is assumed to have the ford®" the sinuous case. The core raddisan be varied from 0
of an infinite row of vortex cores of strengthwith alternat-  (© 1.5 mm, the vortex strength is set at the value 0.03.

B. Vortex-blob simulation

ing sign located at coordinates: The model is deliberately simple. To isolate the influ-
_ i . ence of the initial vorticity distribution on the structure of the
ri=(wkj,0, T;=(-1)"T, j=0x1+2.. -(5-) flow, it does not explicitly account for the effects of density

gradients, diffusion or compressibility. The velocity field due
Herek=2=/\ denotes the wave number of the initial per- to the row of vortex blobs does not change in time and is the
turbation. The distribution of vorticity within each vortex same for all the simulations. Only the initial positions of the
core, characterized by radiu is assumed to be Gaussian: marker particles change with respect to the vortex row. Fig-
ure 12 shows the visualization of the movement of marker
g(lr=rill&)=1-exp(~|r—rj|*/&, ©®) particles for all three types of the initial conditions with
whereg(y) is the circulation contained within radiys With 6=1.2 mm andl’=0.03. The timing intervals and spacing
the ideal, linear initial distribution of the vortex cores as between the consecutive images were selected to match those
described, their positions do not change with time due tof the experimental photographs. Early evolution of the
symmetry. Visualization of the simulatiofFig. 12 was simulated patterns is remarkably similar to the experiment.
done as follows. To account for the initial condition of the At later times, the simulated curtain retains its symmetry,
gas curtain, at the moment0, 4710 marker particles are which is not the case for the experimental images. This com-
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parison suggests that the difference in the streamwise posi-

tion of the shock-induced vortices with respect to the gas 5 /;;f/;’”’
curtain interfaces produces the initial differentiation of the e
flow morphologies. 5 | //4/?;’
//6;//
£ 7

C. Point vortex model as the basis for curve-fitting £ //{///

For each wavelength, some quantitative properties, such s /////// o0 bomtvortoes), simious mode
as the initial compressed thicknesasg, thicknessw(t) and o '+ &=0.6mm, sinuous mode
the local wave numbek=27/\ can be measured or esti- A/ 2 i dowmaoam mushrooms
mated from the image data. An important flow characteristic £/ — Tamm e mushroons
that cannot be measured directly is the circulatiof the 0 200 400
vortices that form due to interaction of the shock wave with tus
the curtain.

The apparent Correspondence of the actual gas-curtaﬁG- 13. Vortex-blob model—influence of core radifisand initial condi-

evolution in the experimental photographs with the evolution™*"
of the layer of the marker particles in the simplified vortex-

blob model(Fig. 12) suggests tﬁe use of the point vOrtex row gjmjation as described in the previous subsection. The in-
model described by Jacoks al.” to analyze the experimen- .roaqe of the characteristic core sizgroduces delay in the

tal w(t) curves..This model produces an expression _for thegrowth ofw(t). The delay in the development of the down-
growth of the thicknesw of the gas curtain under the influ- gyeam mushrooms due to the phase inversion of the interface
ence of an infinite number of counterrotating vortices: and the presence of the local minimum in the downstream
mushroom case are also apparent. Correspondingly, the
growth of upstream mushrooms is characterized by time ad-

2 kw,
w(t)= Esinhl( K2t + sinl’(TO) ) .
- vancement when compared with the sinuous case.
The initial curtain width,wg, in Eq. (10) corresponds to the

width of the curtainafter it has been compressed by the D. Curve-fitin
shock wave, so it can be estimated as the width of the pre-" 9
shock initial condition of the curtaifobtained from the digi- Due to the importance of the baroclinic torque repre-
tal photographs divided by the shock compression ratio. sented in Eq(4), the vorticity (and therefore the circulation
Thus the obvious choice for the free parameter of a onepresent within the flowfield is an important quantity in the
parameter fit should b&. The fit can be differentiated to evolution of the instability flow. Comparison of the mea-
determine the growth rateéw/dt. sured data to simplified models such as that presented in Eq.
It is important to keep in mind that the idealized point (10) not only suggests the extent to which the instability flow
vortex model does not account for many significant featuress due to vortical motions, but also enables the estimation of
present within the experimental flowfield. First, the interac-circulation values without requiring direct measurements of
tion of the shock wave with the heavy gas curtain does nothe velocity field. Such estimates are of great interest in the
produce a row of vortex points. Instead, the interaction probenchmarking of codes relating to such instability flows. Fi-
duces a distributed, sinusoidally varying field of vorticity. nally, the fitting of the experimental data to a physical model
During the early time, while concentrations of vorticity of allows the estimation of the growth ratérough the differ-
the same sign form from the initial distribution, the point entiation of the modg) which is another quantity of interest
vortex model is inapplicable. Second, the vortex cores thain current studies of the Richtmyer—Meshkov instability.
form are of finite size. Third, the width values predicted by ~ We used commercial curve-fitting softwaf@o process
the model are valid only for the perfect sinuous modethe tables of experimental valueg(t). The curve-fitting
growth. The model can neither predict the relative time adscheme implemented in the software is based on the least
vance associated with upstream mushrooms, nor the timgguares algorithm. For our data sets, the curve-fitting goal
delay associated with the downstream mushrooms. The lattevas set to minimization of the sum of residual squares

(10

delay adds to the time interval associated with vorticity ac-

n

cumulation and arises from the phase inversion characteristic gg- E (W;—W; )2
i=1

of the downstream mushroom morphology. In the down-
stream mushroom case, the phase inversion mav@3
through a locaminimumwhich the monotonically increasing
model is unable to predict. Finally, irregularities and viola-
tions of periodicity within the initial conditions of the gas
curtain result in non-uniformities both in the spacing and

strength of the vortex cores. Nevertheless, this model is a x=

useful approximation and serves well as a physics-based fit-
ting function.
Figure 13 shows values of(t) obtained by numerical
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1 2 .
= 2
\/n—1i=1(""' wi)*

(11)

wherew; denotes the experimental value awgdthe corre-
sponding value retrieved from E@10). The error of the
resulting fity was measured as

(12

The compression factor for the shock waveMf=1.2
was calculated to be 1.342, so the valuavgfwas estimated
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FIG. 14. Curve-fit—downstream mushrooms. FIG. 16. Curve-fit—upstream mushrooms.

from the thickness of the gas curtain before shock accelera- .

. . ) produces large errors and misses the curvature of the data.
tion wini; asWp=W;,;/1.342. For an alternative estimate of : : L

: -~ Also, the one-parameter fit should not be used in estimating

Wy, the area occupied by the compressed gas curtain péer ) o ;

: . rowth rates through differentiation, as it produces a system-

wavelength in the first exposure after the shock can be me Liic error

sured and divided by the wavelength. The results yielded by X h lity of the fi .
these methods agree wélithin 5%) To improve t e quality o 't e it, we considered two-
' parameter fits with the curve-fitting schemes constructed to

Within each class of flow morphologgsaturating up- . : -
. account for the physical flow features not present in the ini-
stream mushrooms, non-saturating upstream mushroom o . o Y
ial model. To make the curve-fitting algorithm “sense” the

downstream mushrooms, sinuous mpihe results of curve- . . . X .
time shift due to the vortex core size, phase inversion-related

fitting are similar. Figures 14, 15 and 16 show curve fits for . I .
: : effects due to the asymmetry in the initial conditions and the
w(t) corresponding to one spanwise wavelength of the flow . . .
o vortex roll-up delay, we consider time in the forta-tg,
patterns in Figs. 5, 6 and 7.

Curve-fitting with T as the only free parameter, sug- wheret, represents the shifpositive or negativedue to all

) . . . .the influences mentioned in the previous two paragraphs.
gested in the previous subsection, produces fits that Persisq o Eq.(10) assumes the form

tently over-predictw(t) at early times (<250 wus) and
under-predict it at later times. The resulting values of error 2, o[ kwg

y vary from 0.6 to 1.4 in the downstream mushroom and ~ W(D=j sinh™*| k' (t—to) +sinff —=1 |, (13
sinuous mode data sets that were analyzed, whgis set to

the value estimated from the experiment. It is noteworthy2Nd @ two-parameter fitl{ito) is obtained. The parameter
to is dependent on the value of, in this scheme, as the

that settingwy,=0 reduces the errgy to the levels between = .
Mo ot terms containing these two values in E&3) can be sepa-

0.3 and 0.6, though the tendency to over- and under: ¢ h i Volvi he | bl
prediction remains and in many cases the single-parameter fi?tEd rom the term involving the independent variable

misses the curvature of the experimental data profile comHowever, W'thwo est|mate_d f_rom the experlmgntal da_ta, the
pletely. For the non-saturating upstream mushrooms thyalues oft, retrieved by this fit should be consistent with the
value of y characterizing the one-parameter fit exceeds 1°PServed flow morphology—greatest for downstream mush-

The fitted value of” is unlikely to be reliable, because the fit

0.20

12
0.15
O
10 0.10 X . 0.
o
8 e E oo °
. A 3 :

c T gg 000§+ @O t—— . o °
E 6 's {
& - & 005 a
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f/ 0.10 e ©
. /' — rfit 0.15 o -0 (K
i 77 [ I, 4 fit
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[} 100 200 300 400 500 600 700 800 t,us
t, us
FIG. 17. Results of curve-fitting/(t) data from vortex-blob simulation of
FIG. 15. Curve-fit—sinuous mode. upstream mushroom pattern.
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TABLE |. Results of curve-fittingn(t) data from vortex-blob simulation. AW

— —2KkT, t—oo, (16)
Simulated downstream mushroonds=f0.03k=1) ar’
Wo k to Thus there exists a potential for th&',k) fit to be over-
Curvefit — mm r mm™  10°s X sensitive tok at late times.
It 1.74 0.030 1.00 35.6 0.006 Second, it is instructive to apply the two-parameter
I'k 0.00 0.029 0.98 0.00 0012  curve-fitting schemes based on the point-vortex model to

simulatedw(t) plots generated by the vortex-blob code and

Simulated upstream mushrooms=0.03k=1) h
to check for the presence of systematic errorsvin—{w;)

Wo k to : . - .
Curve fit mm r mm-L 106 s N and in the valu.es of estAlmated from the f|tt|r.1g. Figure 17
" shows the residualw;—w;) values for the simulated up-
to 1.74 0.030 1.00 -14.9 0.002 ; - .
'K 0.00 0.050 105 0.00 0.103 stream mushrooms morphology with the initial conditions as

described in Section IV B and with=1.2 mm. Time inter-
vals between the data points were set to imitate the timing of
exposures in the experiment. Uniform weighting was used. A
rooms, smaller for the sinuous mode and the smallest foy/€ighting scheme with the first point skipped might be ben-
upstream mushrooms. This feature can be used as an ex@ficial for the downstream mushroom cases if the first mea-
consistency check, and can be used to quantitatively categ§reéd dynamic value ofn(t) corresponds to the non-
rize any giverw(t) curve. monotonic interval of thew evolution due to phase
The second two-parameter fitting scheme can be sughversion. The ['.to) fits are sensitive to the weighting of
gested by the following. In the modéd,is the spacing along e first point when estimate values tf are positive and
the infinite row of vortex points of equal strength. The inter- 12rge- o _
vortex spacing on the images is not unifofas appears to be As one can see in Fig. 17, thé' () fits produce a con-

the case of the vortex strengths as Wwelhd this spacing siderable systematic error. The influence of loading the
changes with timge.g. Fig. 5. The digital images do not middle of the weighting distribution leads mostly to shifting

portray the locations of vorticgather, only the influence of the residual plots up and down without changing their char-
these vortical structures on the gas cuitasmcept at late acter, SO m_cur_ve-flttlng the ex_penmental data we used only
time (when there are well-defined “vortex cores” flanking Uniform weighting. The I',to) fits produce a much smaller
the mushrooms An estimate of the spacing can be obtained®or and are less sensitive to different weightings. The same
from the local wavelength at the initial conditions. There-tendencies can be observed for the simulations of the sinuous
fore, due to the fact that the wave number appearing in th§'0de and downstream mushrooms with non-zero values of
model can change with time and can only be estimated fron- FOr the latter, curve-fittingl(,k) with w,=0, though non-
the images except at very late time, it is difficult to determinePhysical, produces a some_wha(t‘ bettsr fit. This can be ex-
the “correct” value ofk for any particular wavelength from Plainéd by the fact that letting/ “grow” from zero rather
the experimental data. Usirlgas a parameter produces the than from its actual initial value introduces a delay similar to
(T k) fit. that created by addingy. Thus we setw, to zero in the
A few notes related to the general properties of the(l'-K) fits applied to experimental data. _
(T',k) and (,t,) fits remain to be made before the discus- Table | show; the vaIue; of parameters used in and re-
sion of the results obtained by curve-fitting different sets oftfiéved by curve-fitting the simulated data for the upstream
the experimental data. and downstream mushrooms. ThE,{;) fit produces very
First, the sensitivity ofw to the fitting parameters as 900d results in terms of, and the values of, for the up-
t— -+ must be considered. Wy(t) is taken in the form stream and downstream mushrooms are respectively nega-

(13), the following expressions for the limits are valid: tive and positive. The error is reasonably small for the
(T",k) fit with wy=0 in the downstream mushroom case, and
0"_W_>OO t—s 00 (14) for the (I',k) fit with wy=1.74 mm in the upstream mush-
dk ' ' room case, but in neither case do tHgK) fits retrieve ac-

p curate values of’ andk. As the initial conditions and the

_W_,o, t—oo, (15) valugs of § vary, the Q“,k) fit can both over- and under-

dtg predictI’ andk. The error inI’ can be as great as 33%, and
the small value ofy alone does not guarantee the accuracy of
I' produced by thel(,k) fit.

TABLE II. Results of curve-fitting experimental(t) data: upstream mush- Figure 14 illustrates the results of curve-fitting the non-

rooms. saturating upstream mushroom data with uniformly-weighted
W, K t one- and two-parameter fits. The valued'ot,, k andy for

Curve fit mm r mm~* 10°6s ¥ this fit are in Table Il. This data set is characterized by con-

- .00 0,056 084 500 Tos siderable asymmetry in the position of vortices, and the (
Tt 279 0.076 0.84 541 0er K fit produces the best.results in terms of errgr:(0.34)..

Ik 0.00 0.049 0.57 0.00 034  The slope of the curve-fit does not represent the trend in the
actual experimental data. The mismatch in the valueF of
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TABLE . Results of curve-fitting experimentak(t) data: downstream 0.03

mushrooms.
—— Upstream mushrooms
~~~~~~ Downstream mushrooms
Wq k to — — Sinuous mode
Curve fit mm r mm~! 10%s X

r 0.00 0.033 1.05 0.00 0.38 é"
Ity 1.78 0.040 1.05 48.2 0.22 E
Ik 0.00 0.031 0.92 0.00 0.26 3
o

estimated by the two-parameter fits is rather high40%),
which can indicate a poor reliability of tHe estimate in this 0.00 i , .
particular case. As was mentioned before, results for curve- 20 400 600 800
fitting other wavelengths in the data set and in other data sets Lus
with the same morphologynon-saturating upstream mush-
rooms are similar. It is also important to note that the resultsF'C: 18- Growth ratesw(t)/dt for I' k curve-fits. The downstream mush-

e . room exhibit the greatest delay, the sinuous mode grows faster and the
of curve-fitting saturating upstream mushrooms produce psiream mushrooms are the fastest.
much lower values of and better fits.

The non-saturating upstream mushroom experimental
images typically show mode coupling and the emergence of
wavelengths longer than the wavelength of the initial perturProduce non-saturating growth rates. These saturation
bation. Interaction between individual wavelengths in the gagfowth rates are similar in magnitude and shape to those
curtain is likely to limit the applicability of the point-vortex from analysis of the single-interface Richtmyer—Meshkov
formulas for curve-fitting this particular pattern of evolution, instability.*® The early-time behavior of the growth rates

In the case of the downstream mushrooffig. 15 and ~ cannot be determined in this study due to limitations on the
Table I1l), the one-parameter curve-fit does exhibit the charieémporal resolution of the data imposed by the experimental
acteristic over- and under-prediction\sf though the error is conditions and diagnostics. The relative time shifts due to
relatively low (y=0.38). Both of the two-parameter fits phase inversion for each of the three flow morphologies dis-
(uniform weighting follow the trends in the experimental tinguish the growth-rate curves.
data quite well, with the(, t,) fit producing a slightly lower Several curve-fits using Eq10) or its forms and con-
error y=0.22 versusy = 0.26 for the (k) fit. The value of taining more than two free parameters were also examined,
k retrieved by this fit is close to that estimated from experi-Put they demonstrated strong parameter dependency and thus
mental data-0.92 mnt* versus 1.05 mmt. Thel values Were disregarded as over-parametrized.
produced by [',k) and (U, t,) fits are also consistent, differ- Using combinations of more than two varying param-
ing only by about 20%. eters was found to over-parametrize the system, suggesting

The sinuous mode casésig. 15 and Table 1Y are also only two truly independent variables. The bestifitterms of
typically characterized by reasonable agreement between tii8€ €rrory) was actually produced by a fourth-order poly-
(T',k) and (T, t,) fits. The [ ,k) fits often follow the general nomial. Such a fit may also be useful in the computation of
trend in the evolution of data more accurately and thugrowth rates.
would be preferable for instability growth-rate estimation.

As the analysis of the vortex-blob simulated data shows,
more reliable values oF are likely to be estimated by the V. CONCLUSIONS
(I,tg) fits.

The fits can be differentiated with respect to time to ~ For the first time experimental data are generated to
provide estimates for the instability growth rates. Figure 1g€cord the time history of the evolution of a shock-
showsdw/dt for the (T',k) fits in Figs. 14, 15 and 16. The accelerated heavy-gas curtain with sufficient spatial and tem-
first 100 us are not shown in this figure as the model cannofPoral resolution to observe the formation of different insta-
account for initial non-monotonic growth due to phase inver-Pility morphologies and their development into a state of
sion in the case of downstream mushrooms. The curves déode coupling and incipient turbulence. The three, distinct
pict saturation growth rates. For the upstream mushroom imlate-time flow morphologiesi.e. downstream mushrooms,

age, saturation is is an artifact of the model which cannotiPStream mushrooms and the sinuous magen in previ-
ous experiments are reproduced. However, some laser-sheet

images now show the coexistence of two or three of these
TABLE IV. Results of curve-fitting experimentai(t) data: sinuous mode. morphologies during a single event. The development of the
W, K t instability from the initial perturbation is quantified in terms
Curve fit mm r mmi—t 106s X of the total mixing layer widthw(t), providing a set of
benchmarks for large-scale numerical simulations designed
r 0.00 0.030 0.96 0.00 0.51 for highly distorted flows. Our simple simulations employin
It 1.76 0.035 0.96 57.8 0.21 gnly P : ploying
Tk 0.00 0.026 0.70 0.00 014  a vortex-blob model generate morphologies closely resem-
bling those observed experimentally, thus providing visual
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